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Abstract 
This paper presents critical studies on water-gas shift reaction (WGSR) kinetic models as well as the modelling approaches of the 
reactor, in which the reaction is conducted – the packed-bed tubular reactor (PBTR). There are two different types of models 
often used to represent the WGSR kinetics: (1) macro-kinetics and (2) micro-kinetics types. The PBTR models can be divided 
into homogeneous and heterogeneous types. There have been lots of positive and negative arguments regarding the use of 
different models for the WGSR reactor simulation and design. So far, no solid evidence regarding which form of kinetics model 
is considered to be the most accurate and suitable for reactor design and simulation. Answering this question is the main 
objective of this paper, where several major kinds of kinetic-reactor models are compared based on the same Cu (111) catalyst. 
The different models are used to predict the CO conversion of the shift reactor and their accuracies are compared against a 
reported experimental data. The analysis shows that the micro-kinetics gives better accuracy than the macro-kinetics model. 
Interestingly, the results show that the macro-kinetics model used in the homogeneous reactor modelling can give prediction as 
accurate as that of the more complex micro-kinetics model provided in the former case, the transfer limitation correction factor is 
included. The comparison among these different models shall provide a better understanding on the selection of model form 
when it comes to designing the reactor involved. 
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1. Introduction 
In view of an accelerated depletion of fossil fuels caused by the ever increasing energy demand worldwide, it has 
been realized that there is a strong need of pushing the commercialization of fuel cell powered vehicles and fuel cell 
based power generation, which utilize hydrogen (H2) as fuel. For this reason, many researchers have carried out 
study to develop better catalysts for the water-gas shift reaction (WGSR) to produce hydrogen where this reaction 
consumes the bulk space requirement in a fuel cell based power generation system. It is interesting to note that, to 
design a reactor for the WGSR requires a good estimation of the reaction rate, which is often predicted from the 
knowledge of the reaction kinetics. In other words, the accuracy of a model representing the kinetic of the reaction is 
very important for an effective reactor design. The kinetic models are often developed as to provide the simplest way 
to represent the chemical reaction and which can help engineers to design an appropriate size of the reactor involved. 
Fundamentally, the kinetic expressions (models) can be classified into two main categories: (1) micro-kinetic and (2) 
macro-kinetic models. The micro-kinetic model is constructed based on the detailed information about all of the 
elementary (intermediate) steps that comprise the entire chemical reaction. This model explores the detailed 
mechanisms that occur during the course of reaction. 
In contrast to micro-kinetic models, the macro-kinetic models are built based on the experimental data and 
typically represented in term of the Arrhenius or Power-law expression. These macro-kinetic models provide an easy 
and computationally lighter way to predict the rate of reaction without the detailed knowledge of the complex 
elementary steps involved. Most of the simulation and control studies of WGSR are based on this type of model, i.e., 
to understand the reactor macroscopic behaviour. For convenient applications, most of the available catalysts for the 
WGSR have their own macro-kinetic models representing the rate of reaction. However, a disadvantage of the 
macro-kinetic models is that they are limited to specific catalysts and operating conditions. To date, there are a lot of 
unresolved questions concerning which kinetic mechanisms and types of kinetics models that are most appropriate 
for the water-gas shift (WGS) reactor design and simulation. In particular, a rigorous comparison between the 
macro- and micro-kinetics for different types of catalysts remains unavailable, which is partly due to the lack of 
experimental data on micro-kinetics models. The differences between these two kinetics models can be easily 
explained through the boundary layers shown in Fig. 1. For a micro-kinetics model, the boundary of reaction is taken 
to be on the surface of the catalyst pellets which ignores the micropores within the pellets. On the contrary, a micro-
kinetics model considers reaction boundary inside the micropores within the pellets and all the mass transfer and 
reaction steps involved. Thus, a micro-kinetics model tends to be a lot more complicated than a macro-kinetics 
model. 
 
 
 
 
 
 
 
 
Fig. 1 Reaction taking place at the boundary layer assumed in: (a) macro-kinetic model, and (b) micro-kinetic model. 
The WGS in a packed bed tubular reactor (PBTR) has been extensively studied, both via experimental and 
numerical simulation methods. In numerical simulation study, the kinetics models used to predict the reactor 
performance are very important as it provides an insight into the behaviour of the reactor. Therefore, to simulate the 
PBTR that closely mimics reality, a highly accurate model is required. There are two types of modelling approaches 
namely the homogeneous and heterogeneous reactor modelling – refer to Table 1. The homogeneous modelling 
  (a) (b) 
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assumes that a pseudo-homogeneous reaction occurred in the reactor in which the solid phase is in equilibrium with 
the gaseous phase. As for the heterogeneous reactor modelling, it is where the two phases (solid and gaseous) are 
explicitly taken into account in the reactor modelling. 
 
Table 1. WGS reactor model classifications. 
 Model name Major ref. 
Homogeneous model – no heat 
and mass transfer limitations 
Model 1A [1-2] 
Homogeneous model – with 
Thiele modulus correction factor 
Model 1B [3]  
Heterogeneous model Model 1C [4]  
 
With respect to the homogeneous reactor modelling, Marin et al. [3] questioned its credibility in providing good 
prediction of the performance of WGS reactors.  The reason for this is that, the neglect of solid catalyst phase can 
lead to the negligence of heat and mass transfer limitations within a catalyst pellet.  As mentioned in Twigg [5], 
catalyst pellets are made up of numerous pores within which the reaction takes place. It could happen that the 
transfer of reactants into and products out of the pores as well as heat transfer could impose limitations on the 
reaction performance.  In view of such limitations, Marin et al. [3] proposed an improvement on the homogeneous 
reactor modelling by introducing a new term known as the Thiele modulus to tackle the transfer limitation problems. 
Unlike in the homogeneous modelling approach, in the heterogeneous modelling approach both fluid and solid 
phases are explicitly considered in the reactor model, which is divided into two different phases. In this case, the 
mass-energy balance equations are explicitly written for both solid catalyst and gas phases. In Adams and Barton [5], 
the heterogeneous reactor modelling was used to model a water-gas shift reactor. It was discovered that by 
separately modelling the solid and gas phases, there was no need for including the mass-heat transfer limitation 
correction factor (i.e., Thiele modulus) into the kinetic expression.  
To date, it is interesting to point out that the simulation studies based on the heterogeneous reaction model have 
solely relied upon using macro-kinetic models to represent the WGSR kinetic. Thus, so far there has been no 
literature report where a micro-kinetic model is incorporated into the heterogeneous reactor model, and this is 
perhaps due to a complexity that may arise from the incorporation of the micro-kinetics model. Furthermore, there is 
still no comparison between the homogeneous and heterogeneous modelling approaches for WGSR in a PBTR.  
The aims of this paper are to: (1) analyse the effectiveness of micro- and micro-kinetic reaction models when they 
are used inside the homogeneous and heterogeneous reactor models, and (2) to compare the accuracy of the reactor 
models based on micro- and macro-kinetics so as to answer the uncertainties mentioned above.  
The rest of this paper is organized as follows. Section 2 provides the WGS modelling. Section 3 presents results 
and discussion and followed by the highlights of some concluding remarks in Section 4.  
2. WGSR modelling 
For the PBTR modelling, it is assumed that the Cu (111) catalyst is used with the property as reported in [6]. For 
the purpose of dynamic modelling and efficient computation, the tubular reactor is sub-dived into ten equal lengths 
where each sub-division is described by a set of ordinary differential equations (ODEs) of mass and energy balances. 
2.1. Micro-kinetic reaction model 
There are two types of micro-kinetics models. One is the original version of micro-kinetics model discovered by 
Fishtik and Datta [7], while another is the modified version namely the reduced micro-kinetic model developed by 
[8]. According to [7], there are 13 elementary steps that occur in the WGSR while Callaghan et al. [8] mentioned 
there are 17 elementary steps involved. In these elementary steps, there are few rate determining steps which 
contribute to the overall (apparent) reaction rate and these has led to some differences between these two authors. In 
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Fishtik and Datta [7], it was identified that there are 3 dominant reaction rates (r8, r9 and r10) that contribute to the 
overall rate of reaction, while Callaghan and his co-worker identified the dominant reaction rate to be r8, r10 and r15. 
Hence, through the summation of fluxes, the overall rate of reaction r for Fishtik and Datta [7] is  
 > @ 
   
¸¸¹
·
¨¨©
§ u

 
COOH
HCO
CO
H
COOH
PKP
PP
PKkkk
KK
PKk
PKkkkPKk
r
2
22
2
2 1
210892/1
54
2/1
66
21089
2
016
&&&&
&&&& T
 (1) 
Meanwhile, for Cahllagen et al. [8], the overall rate of reaction r is given as 
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  (2)       
Both of the models share the same constants Ki for i = 1, 2, …5, which are the equilibrium constants of the WGSR 
and θ0 which is the surface coverage given by 
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2.2. Macro-kinetic reaction model 
There has been one power law kinetic model that had been published for Cu (111) catalyst. Campbell and Daube 
[6] studied the kinetic of WGSR on a clean Cu (111) single-crystal surface through experiments. They identified the 
reaction activation energy of 17 kcal/mole and reaction orders in H2O and CO pressures of zero and 0.5 – 1.0 
respectively. Therefore the power law kinetic reaction for this catalyst is: 
0.15.00
2
exp ¹¸
·
©¨
§  COOHa PPRT
EAr    (4) 
where A is a kinetic constant parameters, Ea is the activation energy, R is gas constant, T is temperature and P is 
pressure of the specific component. 
2.3. PBTR homogeneous reactor model 
For the homogeneous modelling, the solid catalyst and gas phase are lumped into one single-phase to reduce the 
complexity and computational time. There are two types of homogeneous models; one reaction model includes the 
heat and mass transfer limitations inside the catalyst pellets (Model 1B) while another includes none (Model 1A). 
The mass and energy balance for the homogeneous reaction with the transfer limitation term [3] are as follows.  
For gas phase species mass balance:  
gljAjiji
i WrCCF
dt
dCV KH ,,1, )( r                for   nj ...2,1   (5) 
For the solid phase energy balance:  
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Meanwhile, the gas phase energy balance:  
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Here, ε denotes the bed voidage factor, V (m3) the sub-section volume of the reactor, Ci,j (mol/m3) the molar 
concentration of component i at the j-th sub-section, F (m3/hr) the feed flow rate, W (g) the weight of catalyst in the 
reactor sub-section, ρs and ρf  (kg/m3) the density of catalyst and fluid respectively, CPs and CPf  (kJ/kg.K) the 
specific heat capacity of catalyst and fluid, Ts (K) the catalyst temperature, T (K) the fluid temperature, ∆Hr (kJ/mol) 
the heat of reaction, U (kJ/hr.m2.K) the convective overall heat transfer coefficient, A (m2) the heat transfer area and 
ŋgl is the generalized Thiele modulus (Note: This term is neglected for homogeneous modelling without the 
inclusion of mass-heat transfer limitations). In (5), the “±” sign indicates either species consumption or generation; 
for CO and H2O the sign is minus, while for the products the sign is plus. 
2.4. PBTR heterogeneous reactor model 
The heterogeneous model means that the model explicitly takes into account both solid phase and gases phase 
changes. In this section, only some selective equations are shown due to space limitation. More detailed equations 
are available in Adams and Barton [4]. 
For the gas phase outside of the catalyst pellets, the species mass balance:  
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Within the solid/catalyst phase, the species mass balance: 
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For the gas phase outside the catalyst pellets, the heat balance:  
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The solid/catalyst phase energy balance:  
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where Fin and Fout (m3/hr) is the volumetric flow rate of the feed inlet and outlet respectively, vi is the stoichiometric 
coefficient of species i (-1 for reactant and +1 for product), av (m2/m3) is the total catalyst external surface area per 
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unit volume, kc,i is the mass transfer coefficient between the catalysts surface and the bulk gas phase for species i 
and t (hr) is time. As for heterogeneous reaction, ri (mol/g.hr) is zero in gas phase. ΔCi,j (mol/m3) is the 
concentration difference between the catalyst surface and the gas bulk phase. Here, hf (W/m2.K) is the heat transfer 
coefficient between the catalyst surface and bulk gas phase, Tc,surf,j (K) is the catalyst temperature at the surface and 
Tr,j (K) is the reactor temperature at j-th section. Hc,i,surf and Hi (kJ/mol) are the enthalpies at the catalyst surface and 
of species i in the bulk gas respectively, r (m) denotes the spherical coordinates of the catalyst pellet radius, Di,m 
(m/hr) is the effective gas diffusivity of species i in the mixture, Tcat,j (K) denoted the temperature of the catalyst at j-
th section, λcat (W/m) is thermal conductivity of the catalyst pellet including pores effect and θ is the percentage 
volume of catalyst occupied by the pores.  
3. Results and discussion  
3.1. Analysis of WGSR macro- and micro-kinetics models 
In this section, the comparison among different types of macro- and micro-kinetic models is presented. These 
kinetic models are simulated based on the homogenous PBTR reaction model, i.e., Model 1A (Table 1) is used to 
conduct the comparison for different kinetic models. Fig. 2 shows the CO conversion results based on the simulation 
study at different inlet temperatures. The percentage of CO conversion is calculated as follows 
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where the C1,in and C1,out denote the inlet and outlet concentrations of CO. 
The temperature used in this simulation ranges from 573 to 673 K. Note that, the availability of experimental data 
for Cu (111) catalyst in the literature is within this range. Fig. 2 shows the comparison among 3 different WGSR 
kinetic models (micro-kinetics, reduced micro-kinetics and macro-kinetics) in terms of the CO conversion. For a fair 
comparison, the percentage error from the experimental data in [6] is used to determine the accuracy of the model 
predictions. The percentage error is calculated as follows:   
%100u 
E
EP
conversionCO
conversionCOconversionCO
Error
 (13) 
where the superscripts ‘P’ and ‘E’ denote the predicted value based on (12) and experimental value respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Comparison of CO conversion predicted using 3 different kinetic models. 
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The comparison shows that the macro-kinetic model gives the highest percentage error which confirms the 
doubts in some literature, e.g., see [3, 4]. The macro-kinetics model tends to give over-prediction of the 
experimental data.  According to Twigg [5], the solid catalyst contains small pores that contribute to the diffusion 
limitation and hence resulting in mass transfer limitation. 
The original micro-kinetic model developed by Fishtik and Datta [7] gives lower percentage error than the 
macro-kinetic model. This better accuracy is expected because the micro-kinetic model has taken into account the 
transfer limitation within the catalyst pellets. However, the percentage error shown is larger than the reduced micro-
kinetics model developed by [8]. Even though similar approach was used to determine the rate of reaction, 
Callaghan [8] took into account improved detailed reaction mechanism that occurred on Cu (111) catalyst. The rate 
of reaction model developed by Callaghan [8] shows little deviation (i.e. total percentage error is about 2.27 %) 
from the real experimental data. It can be concluded that the reduced micro-kinetic model should be used in 
modelling of the WGS reactor as it leads to accurate model prediction. However, the micro-kinetic model is only 
limited to certain types of catalyst as research in this particular direction has not yet progressed well. One reason for 
this lack of progress is due to high complexity and tedious experimental work needed to obtain a set of micro-kinetic 
data for a single type of catalyst. Thus, macro-kinetic model with limitation is recommended in designing reactor 
because it is easily available for most kinds of catalysts available and the transfer limitation term can be attained 
through a simple calculation. 
3.2. Analysis of PBTR homogeneous and heterogeneous reactor models 
In this section, a rigorous comparison is performed for 6 different types of reactor models based on the 
homogeneous (Model 1A and 1B) and heterogeneous reaction (Model 1C)). The dissimilarity among the models has 
been explained in the previous section. Simulation is done assuming the same type of catalyst within the same range 
of operating conditions as in the section 3.1. Fig. 3 illustrates the comparative results for the 6 different reactors 
modelling. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Comparison of CO conversion for 6 different reactor models. 
Obviously, 3 of the 6 reactor models show good predictions of the experimental data as shown in Fig. 3. For a 
clearer comparison, the same percentage error (13) is used. Here, we mainly focus on comparing between 
homogeneous and heterogeneous reactor models. For the same macro-kinetic model used in the homogeneous and 
heterogeneous models, it can be seen that the Model 1C gives lower percentage error than that of the Models 1A and 
1B. However, the percentage difference is only 0.03% with respect to the Model 1B. This means that with the 
incorporation of the transfer limitation (Thiele modulus correction factor), the relatively simple homogeneous model 
can provide reliable prediction as the more complex heterogeneous model.  When heat and mass transfer limitations 
are introduced into the macro-kinetic model as proposed by Marin et al. [3], the results show a large decrease in the 
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prediction error. The incorporation of transfer limitation into the macro-kinetic model leads to a decrease in 
percentage error of the homogeneous reactor model to 2.68% from the experimental data.  
The different trends of the macro-kinetics, however, are not observed when the heterogeneous and homogeneous 
reactor models with the reduced micro-kinetic are compared. Unlike with the idealized macro-kinetics, the 
homogeneous Model 1A shows the least amount of percentage error as the reduced micro-kinetic model itself takes 
into account the mass and heat transfer limitations. When the reduced micro-kinetics model is incorporated into the 
homogenous Model 1B and heterogeneous Model 1C, both reactor models give under-predicted values of the reactor 
performance. This is because that both Model 1B and 1C have already taken precaution steps by including the 
transfer limitation factor into the model calculations. The reduced micro-kinetics model represents the most accurate 
kinetics for the WGS reaction. Each kinetics data involving activation energy and collision factor for each step of 
elementary reaction is taken into account when developing this micro-kinetics model for Cu (111) catalyst. 
Therefore, when using the reduced micro-kinetics model there is no need to include the transfer limitation correction 
factor as in the macro-kinetics case. We can draw a conclusion that, either the macro-kinetics with the transfer 
limitation or the reduced micro-kinetics model can give accurate prediction regardless of homogeneous or 
heterogeneous modelling approach is adopted. Of course, for less computational effort, the macro-scale kinetics 
with the transfer limitation and the homogeneous modeling approach should be chosen.  
4. Conclusion  
It is very important to understand different types of kinetic models (either macro- or micro-kinetics) as well as 
the reactor modelling approaches (homogeneous or heterogonous) in order to select which type of model is suitable 
for reliably designing the reactor involved. The reduced micro-kinetics model provides a better prediction than other 
kinetic models owing to its detailed form accounting for major elementary steps in WGSR. Engineers designing a 
WGSR reactor could choose the reduced micro-kinetics model if the homogenous Model 1A is selected, or, the 
macro-kinetics model with the transfer limitation, i.e., Model 1B. However, the micro-kinetic models are only 
available for limited specific types of catalyst and most of them are not used in industries. Most industrially used 
catalyst kinetics data is more readily available in terms of the macro-kinetics model. Thus, it is recommended that 
the macro-kinetics model is used with the addition of transfer limitation correction factor to counter the effect of 
over-prediction. Another way is to use the heterogeneous reactor model (Model 1C) based on macro-kinetics model 
which can also give accurate prediction of the reactor performance.   
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